Climate Drivers of the Amazon Forest Greening by Lyapustin, Alexei I. et al.
Climate drivers of the Amazon forest greening
Fabien H. Wagner1*, Bruno He´rault2, Vivien Rossi3, Thomas Hilker4,†, Eduardo Eiji
Maeda5, Alber Sanchez6, Alexei I. Lyapustin7, Leˆnio Soares Galva˜o1, Yujie Wang7, Luiz
E.O.C. Araga˜o1,8
1 Remote Sensing Division, National Institute for Space Research - INPE, Sa˜o Jose´ dos
Campos 12227-010, SP, Brazil
2 CIRAD, UMR Ecologie des Foreˆts de Guyane, Kourou 97379, France
3 UR B&SEF Biens et services des e´cosyste`mes forestiers tropicaux, CIRAD, Yaounde´
BP 2572, Cameroon
4 Department of Geography and Environment, University of Southampton,
Southampton SO17 1BJ, United Kingdom
5 Department of Environmental Sciences, University of Helsinki, Helsinki, FI-00014,
Finland
6 Earth System Science Center, National Institute for Space Research - INPE, Sa˜o Jose´
dos Campos 12227-010, SP, Brazil
7 Goddard Space Flight Center, NASA, Greenbelt, MD 20771, USA
8 College of Life and Environmental Sciences, University of Exeter, Exeter, EX4 4RJ,
United Kingdom
†Deceased
* wagner.h.fabien@gmail.com
Abstract
Our limited understanding of the climate controls on tropical forest seasonality is one of
the biggest sources of uncertainty in modeling climate change impacts on terrestrial
ecosystems. Combining leaf production, litterfall and climate observations from satellite
and ground data in the Amazon forest, we show that seasonal variation in leaf
production is largely triggered by climate signals, specifically, insolation increase (70.4%
of the total area) and precipitation increase (29.6%). Increase of insolation drives leaf
growth in the absence of water limitation. For these non-water-limited forests, the
simultaneous leaf flush occurs in a sufficient proportion of the trees to be observed from
space. While tropical cycles are generally defined in terms of dry or wet season, we show
that for a large part of Amazonia the increase in insolation triggers the visible progress
of leaf growth, just like during spring in temperate forests. The dependence of leaf
growth initiation on climate seasonality may result in a higher sensitivity of these
ecosystems to changes in climate than previously thought.
Introduction 1
The Amazonian forests account for 14% of the global net primary production (NPP) 2
and are a major component (66%) of the inter-annual variation in global NPP [1]. 3
While large seasonal swings in leaf area have been reported at least in parts of the 4
Amazon basin [2–4], the environmental controls that trigger the synchronous 5
development of new leaves are not well understood [5–7]. As a result, current earth 6
system models inadequately represent the dynamics of leaf development, despite its 7
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major role for photosynthesis of tropical vegetation [8]. In equatorial forests, leaf 8
flushing correlates with increased light availability and photosynthetically active 9
radiation during the dry season [4, 9], and is theoretically driven by a change in daily 10
insolation [10]. However, water availability constrains leaf phenology in southern 11
Amazonia and most of the Congo basin, impeding the maintenance of the evergreen 12
state during the dry season [11]. The climate thresholds controlling the phenological 13
responses of vegetation remain unclear [12], as well as the sensitivities of these responses 14
to future climate changes [13]. 15
The Enhanced Vegetation Index (EVI), from the Moderate Resolution Imaging 16
Spectroradiometer (MODIS), improves the sensitivity of the vegetation signal in high 17
biomass regions and it strongly correlates with chlorophyll content and photosynthetic 18
activity [5, 14]. An unexpected result from this index was the Amazon forest ”greening” 19
in the dry season [5]. The evidence provided by the MODIS sensor raised a debate not 20
on the fact of the dry-season greening of the forest, but on deciphering if this greening is 21
more intense during drought years or not [6, 15]. Later, it has been suggested that the 22
observed greening during the dry season in the Amazon could be attributed to artefact 23
of sun-sensor geometry [16,17]. However, a new version of EVI supports the dry season 24
greening in the Amazon [4, 18]. This EVI is corrected for the sun-sensor artefact from 25
the multi-angle implementation of atmospheric correction algorithm (MAIAC) [19]. 26
Furthermore, a recent analysis of seasonal canopy leaf area index (LAI) changes 27
estimated from independent lidar-based satellite observations over the Amazon forest 28
fully supports the existence of the greening [20]. 29
While the biophysical interpretation of EVI increase remains to be fully assessed [21], 30
recent accumulation of evidences in the Amazon converge to a positive correlation of 31
EVI increase and leaf flushing. This have been observed with different types of field 32
data such as percentage of trees with new leaves [18,22,23], green crown fraction 33
measured above the canopy with camera [8], indirect estimation of leaf flush with 34
litterfall [24, 25], leaf spectral reflectance measurements [26] and remote-sensed changes 35
of lidar-derived canopy leaf area index (LAI) [20]. 36
The observations of leaf-flushing during the dry season challenge our vision of 37
droughts in tropical forests. The droughts may have negative impact on the forest 38
structure and dynamics [27], such as increase in mortality [28,29] or reduction of tree 39
radial growth [25]. Furthermore, tropical trees show at some extent adaptation to 40
drought with leaf water potential at wilting point ranging from -1.4 to -3.2 MPa [30]. 41
But, in case of water stress, a common behavior of the trees is to shed the leaves, as 42
observed in dry tropical forest [31]. This indicates that leaf-flushing in the heart of the 43
dry season necessarily implies a sufficient supply of water. Above ∼2000 mm of annual 44
precipitation, global tropical forests maintain evergreen state and present the increase of 45
the photosynthetic capacity — the greening — during the driest season [11]. These 46
forests, whose canopies’ processes are observed using remote sensing, are not limited by 47
water; they satisfy their water demands during the dry season using the supply of 48
redistributed subsurface water of the wet season [11]. Despite the leaf phenology of 49
Amazonian forests appears driven by sun-related variables and shows greening during 50
dry seasons, an analysis of the potential drivers in a continuous spatial framework is 51
still missing [4, 5, 9, 20]. 52
To investigate the Amazon seasonality, we model the period of increase in leaf 53
production, proxied by the main period of increasing remotely sensed Enhanced 54
Vegetation Index (EVI) [14,32], with the seasonal increase of the potential climate 55
drivers, i.e. precipitation and insolation (proxied by maximal temperature, S1 Fig). We 56
assume that EVI ”greening” relates to seasonal flush of new leaves based on recent 57
evidences obtained in Amazonia [8, 20,22,23,26]. EVI values were computed from the 58
multi-angle implementation of atmospheric correction algorithm (MAIAC) [19]. We 59
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used EVI normalized to a nadir view angle and 45◦sun zenith angle to avoid artifacts 60
from changing sun-sensor geometry over time. 61
Materials and Methods 62
Satellite greenness from MODIS Enhanced Vegetation Index 63
(MAIAC EVI) 64
We used enhanced vegetation index (EVI) imagery obtained by the Moderate 65
Resolution Imaging Spectroradiometer (MODIS) sensor, on board the Terra and Aqua 66
satellites (EOS AM, NASA) [33]. Data were processed with multiangle implementation 67
of atmospheric correction algorithm (MAIAC) [19]. Data were obtained for 12 MODIS 68
tiles (h10v08 to h13v10, spanning 10◦N to 20◦S in latitude and 80◦W to 40◦W in 69
longitude) from NASA’s Level 1 and Atmosphere Archive and Distribution System 70
(LAADS Web: ftp://ladsweb.nascom.nasa.gov/MAIAC). MAIAC observations are based 71
on MODIS Collection 6 Level 1B (calibrated and geometrically corrected) observations, 72
which removed major sensor calibration degradation effects present in earlier collections. 73
We used observations from the Terra and Aqua satellites collected between 2000 and 74
2012 at 1-km spatial resolution. EVI data were corrected for bidirectional reflectance 75
effects by normalizing all observations to a fixed sun sensor geometry (solar zenith angle 76
of 45◦ and nadir view angle) [19]. Advanced cloud detection and aerosol-surface 77
retrieval in MAIAC improves the accuracy of satellite-based surface reflectances over 78
tropical vegetation 3 to 10 fold compared with the standard MODIS products [34]. 79
Climate measurements 80
Precipitation measurements were obtained from the Tropical Rainfall Measuring 81
Mission (TRMM) 3B43V7 product, which provides monthly precipitation estimates at 82
0.25◦ spatial resolution, for the tropical and subtropical regions. We analyzed data from 83
2000 to 2013. Maximal temperature (tmx, ◦C) was obtained from monthly climate 84
global dataset (CRU-TS3.21) available at 0.5◦ spatial resolution, from 1901–2012, 85
produced by the Climate Research Unit (CRU) at the University of East Anglia [35]. 86
Additionally, we used monthly incoming solar radiation at the surface (rad, W.m−2) 87
covering the period 2000–2012 at 0.5◦ spatial resolution, estimated by the Clouds and 88
the Earth’s Radiant Energy System (CERES) instruments onboard the NASA Terra 89
and Aqua satellite [36]. In preliminary analysis, we compared maximal temperature 90
from CRU and incoming radiation at the surface from CERES data. Maximal 91
temperature from CRU was highly correlated with incoming radiation at the surface 92
from CERES (Pearson’s r = 0.76, p-value < 0.0001, Figure S1 Fig). Here, we used 93
maximal temperature rather than incoming radiation because it has previously been 94
shown to be a good predictor of EVI seasonality in tropical forests [25]. 95
Vegetation land mask and altitude datasets 96
EVI pixels covering areas with tree cover below 80% were excluded from the analysis. 97
Forest masking was done using the Global forest cover loss 2000–2014 data set based on 98
Landsat data at 30 m spatial resolution [37]. We used the vegetation map for Brazil [38] 99
to analyze if the seasonal patterns of EVI were related to vegetation type. Additionally, 100
to test the effect of the altitude on the quality of our EVI model, we used altitude from 101
the Shuttle Radar Topography Mission (USGS/NASA SRTM data), resampled to 250 m 102
spatial resolution for the entire globe (CGIAR-CSI, version 4.1) and filled to provide 103
seamless continuous topography surfaces [39]. 104
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Field measurements of litterfall productivity 105
Seasonal litterfall productivity measurements from two previously published studies 106
were used to estimate leaf-fall productivity [25,40] (table 1). It has been previously 107
demonstrated that the seasonal pattern of total litterfall (leaves, fruits, flowers and 108
twigs) in this dataset is not different from seasonal pattern of leaf-fall alone (Pearson 109
test, t = 42.7597, df = 218, p-value < 0.001) [25]. Furthermore, no relation between 110
seasonal litterfall and soil types has been observed in this dataset [40]. Here, we used 111
only data with monthly measurements from old-growth forests, as some sites have plots 112
of both secondary and old-growth forests and flooded forests were excluded. Only the 113
sites where the model of EVI increase had a R2 above 0.8 were selected. While these 114
measurements are from the largest litterfall database ever produced for South America, 115
some of the measurements have been made before the MODIS era. 116
Data preparation 117
The spatial resolution of all data sets, including climate variables, tree cover, land mask 118
and altitude, were resampled to 1 km, to match the resolution of MAIAC EVI. 119
Inter-annual monthly mean values of EVI were filtered using the Fourier Transform 120
(FT) to keep only the annual and bis-annual frequencies that compose the EVI signal 121
(S1 Appendix). Maximal temperature and precipitation inter-annual monthly mean 122
values were computed by pixel. For the analysis, we computed normalized EVI MAIAC 123
(FT filtered), maximal temperature and precipitation by subtracting the mean and 124
dividing by the standard deviation. 125
Models 126
Individual pixel EVI model 127
For a pixel i, i = 1, . . . , n, normalized EVI (EV In) was modeled using normalized 128
precipitation (pre) and normalized maximal temperature (tmx) as : 129
EV Ini,t = α
i
0 + α
i
1 × prei,t + αi2 × tmxi,t−lag + εi,t (1)
where αi1 ≥ 0, αi2 ≥ 0, εi,t ∼ N (0, σ2/ωi,t) and t = 1, . . . , n is a given month. Here, we 130
assume that EVI increase is a proxy for the production of new leaves [8,23,26]. To focus 131
our evaluation on the effects of leaf flushing rather than leaf aging, we limited the 132
subsequent analysis to the increasing part of EVI, rather than the decreasing one, which 133
is generally related to leaf aging (changes in morphological and biochemical leaf traits) 134
and parasites [26,32]. To account for this, the coefficients of the model αi1 and α
i
2 were 135
set to have non-negative values. To give more importance to the fitting of the main 136
increasing EVI period, we add an arbitrary weight, i.e. ωi,t = 10 during a month t of 137
the ”main increase” and ωi,t = 1 otherwise. The ”main increase” was define as the 138
longer period between a pit and a peak in the EVI time series (S1 Appendix). Finally, 139
we minimized the weighted sum of squares of the model. This enables us to use all 140
months to fit the model, including the EVI decreasing months, which resulted in a 141
better model fit. 142
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residualsi,t = EV Ini,t − ÊV Ini,t (2)
SSei =
12∑
t=1
(ωi,t × residual2i,t) (3)
SSti =
12∑
t=1
(ωi,t × (EV Ini,t − (
12∑
t=1
wi,t × EV Ini,t/12))2) (4)
R2i = 1− (SSei/SSti) (5)
For each pixel i, the coefficient of determination R2i was computed with the weights 143
ωt=1:12,i, that is, the residual sum of squares (SSei, eqn 3) and the total sum of squares 144
(SSti, eqn 4) were weighted. EV In is the observed normalized EVI and ÊV In its 145
prediction from the linear model. 146
The determination of the time lag between the increase of maximal temperature and 147
EVI increase was made in two steps. First, we estimated the best EVI model for the 148
whole area with a lag of 0, 1, 2 and 3 months. Second, we estimated the best model of 149
EVI increase with the increase of maximal temperature at lag 0, 1, 2 and 3 months by 150
pixels, by using only the pixels where precipitation and maximal temperature are 151
correlated below 0.2 during the increase of EVI at all the lags. This selection discards 152
artificial correlations between the climate variables. Then, we compared the results by 153
pixels of the best model selected at the first step for the whole area (one month) and 154
the lags obtained at the second step using the Bayesian information criterion [49]. 155
Finally, we kept the best model for each pixel. 156
Monthly leaf fall estimation (from monthly litterfall productivity measurements) 157
were normalized and smoothed using a spline with 4 degrees of freedom and compared 158
to the normalized EVI (EV In). 159
Finally, the quality of the fit of the EVI model was analyzed by comparing it against 160
the mean annual precipitation, the mean annual maximal temperature and standard 161
deviation, the mean percentage of valid observations per month in MAIAC data, the 162
periodicity of the EVI signal, the altitude and the tree cover. 163
All analyses were performed using R [50] 164
Results 165
EVI greening across the Amazon forest can be explained by seasonal increase in 166
insolation and precipitation (Fig. 1 and S8 Fig). Seasonal changes in EVI were mainly 167
related to insolation (70.4% of the total area) in the north-western, central and eastern 168
part of Amazonia. EVI greening is associated to precipitation seasonality (29.6% of the 169
area) in continuous areas above 5◦N (North part) and below 5◦S (South-West, South 170
and South East part). 75.0% of the pixels where the greening is associated to insolation 171
follows the increase in solar radiation with a mean lag of one month (S7 Fig). No time 172
lag was observed in regions where greening is associated to an increase in precipitation. 173
The modeled EVI with precipitation and maximal temperature is consistent with 174
MAIAC EVI (S8 Fig). Inconsistent regions (R2<0.5, 6.2% of the forested area) have 175
either uncommon forest structures, such as bamboo dominated forests, or constant 176
cloud cover inducing high noise in the EVI signal (S3 Appendix, S10 Fig) 177
The seasonal association of MAIAC EVI and litterfall (measured across 16 sites 178
within the Amazon basin, table 1), changes depending on the climate variable 179
associated with EVI (Fig. 2). In the sites where EVI is associated to precipitation, EVI 180
has an negative linear relation with litterfall (site 1-5, Fig. 2). In these sites, the 181
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Fig 1. Spatial pattern of climate controls on leaf growing season initiation
in South American tropical forests.
Locations of the sites with monthly litterfall productivity measurements are indicated
by blue numbers.
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browning of the vegetation occurs when leaf shedding is maximum. For most of the sites 182
where EVI is associated to radiation a singular temporal pattern is observed. The 183
highest production of litterfall occurs, not when EVI is maximum, but when EVI 184
increase (site 6-16, Fig. 2). All these sites present a peak of litterfall even if some of 185
them produce litterfall in all the months of the year. 186
Discussion 187
Despite the high diversity and different species composition of these forests, we show 188
that EVI greening across the Amazon forest may be explained by climate seasonality 189
(Fig. 1). The predicted EVI from precipitation and insolation is highly consistent with 190
the observed MAIAC EVI (S8 Fig), supporting the model’s biological assumptions: EVI 191
increase is likely a proxy of leaf production triggered by climate drivers. Isolated 192
patches where the results are not consistent (R2<0.5, 6.2% of the forested area) 193
represent areas highly challenging for remote sensing; that is, uncommon forest 194
structures, such as bamboo dominated forests, constant cloud cover resulting in high 195
noise in EVI (S3 Appendix and S10 Fig); and may be micro-climate or local soil water 196
retention characteristics. Comparing our modeled EVI to MAIAC EVI reveals 197
limitations of the remotely sensed EVI that cannot be discovered with classic remote 198
sensing analysis (such as classifications) which does not consider the biophysical nature 199
of the signal. Additionally, it gives a biological interpretation of EVI derived from 200
optical measurements of reflected electromagnetic radiation. 201
It was previously shown that the difference of mean wet and dry season EVI 202
(∆EV I(wet−dry)) is associated to water availability for the canopy processes in tropical 203
forests, globally [11]. The authors found that ∆EV I(wet−dry) is positive in forests with 204
precipitation < 2000 mm.yr−1, while negative in region with no water limitations. Our 205
results agree with this study. In water-limited regions, where precipitation is the main 206
control of EVI seasonality, the lowest EVI is observed during the driest period. 207
Additionally, here we show that for forests without water limitations (highest EVI 208
during the dry periods), seasonal radiation increase is likely the climate control of EVI 209
greening, as already observed for several sites in tropical forests [4, 5, 25,51]. These 210
results refute the general intuition found in the literature regarding the negative effect 211
of dry seasons or seasonal droughts on tropical forest dynamics [27]; for example, 212
seasonal or temporary droughts are known to increase the mortality of trees [28, 29] and 213
to reduce tree growth [25]. However, we show that the dry season consequences on the 214
canopy functioning is not always stress. This is confirmed by dry season observations of 215
leaf flushing [8, 20, 22, 23, 31,52, 53]; and photosynthesis increase from flux towers [9, 54] 216
and satellite remote sensing [4, 5, 11,18,51]. This indicates that during the dry season, 217
these forests might not be limited by water . From ours and previous results based on 218
EVI [11], we further referred to water-limited and light-limited for the forest where EVI 219
seasonality is associated to water or radiation, respectively. 220
In light-limited forests, EVI peaked during the period of increasing insolation, likely 221
as a result of increased new leaf production [3, 5–7,11,22,23,51]. While not all the 222
species have annual leaves production cycle, field observations of proportion of trees 223
with news leaves in light-limited forest support this result [8, 18, 22]. Here, the greening 224
follows the increase in solar radiation with a mean time lag of one month (75.0% of the 225
light limited pixels, S7 Fig); which is consistent with dry season field and satellites 226
observations of leaf flushing, which occurred several weeks after increase in insolation in 227
tropical forests [9, 23,51,55,56]. The bud break preceding synchronous greening of 228
tropical forests are caused by an environmental signal perceived weeks before leaf 229
emergence and this has been ignored by previous remote sensing studies [10,57]. The 230
time lag observed here may have three explanations. First, it could be caused by the 231
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Fig 2. Seasonal leaf production (EVI increase) and associated litterfall
productivity in 16 tropical forest sites.
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sensitivity of trees to seasonal changes in climate. A gradual increase in insolation 232
might be a climate signal more subtle to perceive than the rapid transition from dry to 233
wet season, and could explain why leaf flush is not synchronized with the increase of 234
insolation. Second, in the absence of a strong signal during the dry season, the observed 235
time lag may also be related to the production of bud and subsequent bud break if the 236
buds have not been produced on the trees during the rainy season and need time to 237
develop following the increase of insolation. Third, the time lag could reflect 238
yet-unknown endogenous driver of leaf production. For instance, we know that 239
individuals of the same species can present differences in the timing of leaf flush [53] 240
and that leaf renewal and/or net leaf abscission also occur during the entire year 241
unrelated to climate variations [3, 4, 10,25,51]. The 1km spatial resolution of EVI 242
MAIAC integrates the changes in the canopy of all the trees in this area. While it exists 243
a variability between species and individuals, remarkably, the change of the canopy 244
properties visible from space seems to indicate that in light-limited forests an important 245
proportion of the trees flush their leaves during the dry season. The time lag may thus 246
be pragmatically viewed as the mean response time between insolation increase and the 247
flushing of new leaves. 248
In water-limited regions, greening is associated with an increase in precipitation. 249
This is consistent with observations in dry tropical forests, where the timing of 250
synchronous bud break of leafless trees varied from year to year with the first rains of 251
the wet season, as irrigation caused bud break within a few days [58]. This also suggests 252
that the leaf buds are already set up but stay dormant during the dry season. The 253
relationship between seasonal changes in MAIAC EVI and litterfall (Fig. 2) confirms 254
two major assumptions about leaf fall seasonality in tropical forests. First, abscission 255
due to the seasonal production of new leaves in response to increased light availability 256
when water is not limited, and second, leaf shedding due to high evaporative demand in 257
water limited environments [3, 8, 25,40,51,59,60]. 258
In water-limited forests where the seasonal leaf fall responds to high evaporative 259
demand [25], the leaf fall peaks when minimum EVI values are observed. The linear 260
relation between EVI and leaf fall suggests that the EVI seasonality of these regions is 261
mainly explained by the net loss or gain of leaves (Fig. 2). In light-limited forests, 262
minimum EVI was mostly not synchronized with maximum litterfall (Fig. 2). This 263
supports previous results showing that EVI browning is more likely related to leaf aging 264
and parasites in these regions [26,32,61]. While in light-limited forests, leaf fall 265
seasonality could be mainly explained by the coordination in time of leaf growth with 266
senescence [8, 20,23], in water-limited forests, leaf fall is not synchronous with leaf 267
production (Fig. 2). Leaf demography models [8] should account for this difference in 268
order to be representative of the whole Amazon. More studies of leaf renewal based on 269
field and remote remote sensing data [8, 20,23] are needed to confirm the direct link 270
between increase EVI and new leaves production. 271
Conclusion 272
Subtropical and tropical seasons are generally defined in terms of dry or wet season, but 273
here we show that this definition is not correct in the Amazonian forest regions without 274
water constraints. In 70.4% of the Amazon forest, the increase in insolation triggers the 275
visible progress of leaf growth and this process occurs in a sufficient proportion of the 276
trees to be observed from satellites, just like during spring in temperate forests [62]. 277
Direct and strong climate environmental signals trigger leaf growing season, which 278
supports the hypothesis of a leaf production optimized for carbon gain under seasonal 279
resource availability [56,58,60]. In absence of water limitation, the leaf production 280
follows the solar insolation, while in water-limited regions, trees quickly produce leaves 281
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with the first rains to benefit from high insolation at the end of the dry season. This 282
high dependency of seasonal leaf renewal on climate, previously largely 283
underestimated [63], may indicate a high sensitivity of these ecosystems to climate 284
change. 285
Supporting Information 286
S1 Fig. Correlation between monthly maximal temperature from Climate 287
Research Unit [35] and monthly incoming solar radiation at the surface 288
from CERES [36]. The data have been extracted from a grid of 0.5◦ spatial 289
resolution over the studied area spanning from 40◦W to 80◦W in longitude and from 290
20◦S to 10◦N in latitude. The two variables have been normalized, using their monthly 291
mean and standard deviation. The red dashed line is the identity line y = x and the 292
Pearson’s correlation coefficient is given. 293
S2 Fig. Seasonality of EVI, precipitation and maximal temperature 294
described by the number of seasonal cycles during a year (12 indicates one 295
peak every 12 months and 6 two peaks a year). 296
S3 Fig. Coefficient of determination of the model of EVI increase, from a 297
linear model with only precipitation and maximal temperature (with a lag 298
of 1 month for the whole area). The seasonal pattern of increasing EVI is 299
predicted with an R2 above 0.6 for 85.1 % of the region of interest. Regions shown are 300
1–Acre, 2–Roraima and 3–Venezuela. Detailed results are given in supplementary text 301
for these regions. 302
S4 Fig. Normalized monthly time series of EVI, precipitation, and 303
maximal temperature for 10000 pixels in the regions Acre (region 1), 304
Roraima (region 2) and Venezuela (region 3). 305
S5 Fig. Coefficient of determination (R2) of the model with only 306
precipitation and maximal temperature (with a lag of 1 month for the 307
whole area) and distribution of bamboo dominated forests in Acre 308
extracted from the Brazilian vegetation map of 2005 [38]. 309
S6 Fig. Relation between elevations, MAIAC data characteristics and 310
model fitting quality in the Roraima region. Elevation map of the Roraima 311
region (region 2). Mean percentage of valid EVI MAIAC observations per months to 312
estimate EVI and isoclines of altitude (b). Significative lag with maximal temperature 313
(c). Quality of the fit (R2) of the model of EVI increase with precipitation and maximal 314
temperature with a lag of 1 month and isoclines of altitude (d). Quality of the fit (R2) 315
after accounting for the best time lag with maximal temperature and isoclines of 316
altitude (e). 317
S7 Fig. Estimated time lags in months and by pixels between the increase 318
of EVI and the increase of maximal temperature. 319
S8 Fig. Quality of fit of the EVI model accounting for the time lags by 320
pixels between the increase of EVI and the increase of maximal 321
temperature, from a linear model with only precipitation and maximal 322
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temperature (time lag between 0 and 3 months). The seasonal pattern of 323
increasing EVI is predicted with a R2 above 0.7 for 84.75 % of the region of interest. 324
S9 Fig. RMSE of the EVI model accounting for the time lags between the 325
increase of EVI and the increase of maximal temperature (estimated by 326
pixels), from a linear model with only precipitation and maximal 327
temperature (with a time lag between 0 and 3 months). 328
S10 Fig. Association of annual climate variable statistics with climate 329
controls. Quantile of mean annual precipitation (a), standard deviation of mean 330
annual maximal temperature (b) and percentage of mean number of valid 8 day 331
observations that were used to calculate the mean monthly values (c) in the five classes 332
of climate associations with EVI. Only pre indicates pixels only associated with 333
precipitation, only tmx indicates pixels only associated with maximal temperature, 334
pre > tmx indicates that the part of EVI variance explained by precipitation is higher 335
than the part of EVI variance explained by maximum temperature and pre < tmx 336
indicates that the part of EVI variance explained by maximum temperature is higher 337
than the part of EVI variance explained by precipitation. No effect indicates pixels 338
where EVI had no associations with precipitation and maximal temperature. 339
S11 Fig. Association of the the model fit (R2) with annual climate 340
characteristics and number of EVI observations. Associations are presented for 341
all the 1 km2 forested pixels in the studied area spanning from 40◦W to 80◦W in 342
longitude and from 20◦S to 10◦N in latitude with annual precipitation (a), annual 343
maximal temperature (b), percentage of mean number of valid 8 day observations that 344
were used to calculate the mean monthly values (c), periods in the EVI signal (d), 345
Altitude (e) and tree cover (f). 346
S1 Appendix. Finding the months of the main EVI increase. To filter the 347
EVI time series and find the main increase, we used a Fourier spectral decomposition. 348
EVI inter-annual monthly mean values were modelled by a weighted sum of simple sine 349
waves of period 6 months and 12 months, that is, one or two seasonal increases of EVI 350
per year, as observed in the EVI time series. We assumed that other periods in the 351
signal are only constituted by noise. To filter EVI, we fit the following equation to the 352
EVI time series : 353
ÊV I(t) = EV I0 + pow0
(
p6 sin(2pi
1
6
t+ ρ6) + p12 sin(2pi
1
12
t+ ρ12)
)
(6)
with p6 + p12 = 1 and for t = 1, . . . , 12× n. 354
ÊV I is the filtered time series, EV I0 is as an estimate of the mean annual EVI, t is 355
the time in month, ρ6 and ρ12 are the delay of signal components with periods of 6 356
months and 12 months respectively. pow0 is the power of the signal and p6, p12 are the 357
relative proportion of the periods of 6 months and 12 months respectively. The 358
parameters EV I0, pow0, p6, p12, ρ6 and ρ12 were estimated by least square 359
minimization. To facilitate the optimization, the time series was replicated 3 times 360
(n = 3). 361
After filtering the EVI signal, pits and peaks were identified in the ÊV I time series. 362
A peak or pit is an observation that is preceded and followed by, respectively, lower or 363
higher observations [64,65]. The main increase was defined as the months during the 364
longest period between a pit and peak. 365
This analysis was also performed on precipitation and temperature time series to 366
determine the relative proportion of the 6 and 12 months periods in their time series. 367
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S2 Appendix. Periodicity analysis of monthly EVI MAIAC, precipitation 368
and maximal temperature. From the analysis of frequency in the time series of EVI 369
and climate variables, we determined that 93.4% of the forested pixels have only one 370
seasonal increase in the EVI signal per year (fig. S2 Figa). Some forested pixels, 371
however, have two periods in the EVI signal and are spatially coherent. This could 372
reflect an influence of the vegetation structure on EVI. Some forested pixels have two 373
periods in the signal and are not clearly spatially aggregated, indicating large shifts in 374
the signal. This might reflect noise in the data resulting from low availability of good 375
quality observations for EVI computation. Regions where EVI signal shows more than 376
one period in a year (6.6% of the forested surface) were localized largely in the 377
Colombian Amazon, in the Brazilian States of Acre and Roraima, in the North-East 378
part of Guyana, in the central and Eastern part Venezuela (fig. S2 Figa). Pixels with 379
two periods in the EVI signal are not predictable if the number of periods in the climate 380
variables are not correlated or the same. In the case of both climate variables with two 381
periods (figs. S2 Figb-c) and EVI with only one period, our model won’t fit the EVI 382
data as it will predict two periods. 383
S3 Appendix. EVI MAIAC regional pattern analysis. In the following, we 384
describe the EVI pattern for 3 regions (numbered in Fig. S3 Fig) where the model had 385
problems to reproduce the seasonal pattern of EVI. 386
Brazilian region of Acre, region 1. In Acre, spatial aggregates of pixels show 387
weak association to climate variables (R2¡0.4, fig. S3 Fig region 1). The EVI signal in 388
this region was found to have two distinct patterns (fig. S4 Fig region 1), a peak in 389
November correlated with maximal temperature and a peak in June-July apparently 390
dissociated of climate. The pixels with R2 above 0.9 have one period per year while the 391
pixels with R2 below 0.1 have two periods per year (fig. S3 Fig region 1). The two 392
periods are also visible in the analysis of EVI frequencies (fig. S2 Figa). Bamboo 393
dominated forests are common in Acre and their occurrence have been mapped [38]. 394
The patches with low R2 appear spatially related to the bamboo dominated forests (fig. 395
S5 Fig). These Bamboo dominated forests are characterized by a mosaic of forest stands 396
without bamboo with heterogeneous forest structure, and stands of trees scattered 397
within a canopy dominated by a single species of native arborescent bamboos (Guadua 398
spp.) [66]. Our results show that MAIAC bidirectional reflectance distribution function 399
(BRDF) may not describe the BRDF of such complex canopy structure accurately 400
enough. Interestingly, the changes occurring in October and November indicate a good 401
sensibility of EVI MAIAC to capture EVI changes during wet months (mean 402
precipitation of 227.0 and 295.7 mm, respectively). 403
Brazilian region of Roraima, region 2. In Roraima (fig. S4 Fig region 2), 404
spatially aggregated pixels showed only weak correlation to climate variables. The 405
coefficient of determination (R2) declined from over to 0.9 to below 0.1, from side to 406
side of the hills (fig. S6 Figa). The areas with low R2 values form plumes located on the 407
West South-West sides of these hills (fig. S6 Figd). The MAIAC number of observations 408
per month shows an increase from the top to the West and South-West side of these 409
mountains (fig. S6 Figb) in the direction of the prevailing wind of this region. The 410
highly significance of EVI increase in the areas with a R2 above 0.9 is likely associated 411
with maximal temperature increase occurring one month before. For the areas with a 412
R2 below 0.9, the general pattern of EVI is similar, however the increase occurs with a 413
time lag of two or three months after the increase of maximal temperature. For these 414
latter areas, the EVI increase was not correlated with precipitation, as EVI increase 415
primarily followed maximal temperature. We estimated the lag of EVI increase with the 416
increase of maximal temperature at 0, 1, 2 and 3 months. To discard artificial 417
correlations between the climate variables, the lags were estimated only for the pixels 418
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where precipitation and maximal temperature are correlated below 0.2 during the 419
increase of EVI at all the lags. Then, we compared the results of the model at lag 1 and 420
the other lags using the Bayesian information criterion [49] and kept the best model (fig. 421
S7 Fig). For this region, the time lags of two and three months are located on the West 422
South-West sides of the mountains (fig. S6 Figc). The linear model of EVI with 423
precipitation, maximal temperature and the associated lags allowed us to reproduce the 424
pattern of EVI increase in Roraima (fig. S6 Fige). The lags are unlikely due to shade 425
artifacts or slope effects because a BRDF function corrects for these effects in the 426
MAIAC, and, if these artifacts were the causes, their effects should also occur in other 427
regions of Amazonia. This region shows an unique climate seasonality in our data set, 428
precipitation and maximal temperature are the most asynchronous and their peaks are 429
separated by more than 5 months. In the areas where a time lag of two to three months 430
was observed with respect to increase in solar radiation, trees may delay leaf flushing. 431
The number of MAIAC observations per month is higher in these areas (fig. S6 Figb) 432
meaning that they are less cloudy than the areas with a time lag of one month between 433
EVI and maximal temperature increase. In the EVI signal, the increase of EVI for these 434
area is less sharp (fig S4 Fig region 2). 435
Venezuela, Region 3. In Venezuela (fig. S3 Fig region 3 and fig. S4 Fig region 3), 436
the observed EVI signal was found to be noisier than in other regions presented in this 437
work. This region is amongst those with the lowest number of valid observations per 438
month, a mean and maximum of 34.6 % and 50.7% was observed. Increase in EVI in 439
associated to maximum temperature increase occurred from February and May and 440
from July to October. This region has a complex climate with two periods in maximal 441
temperature and precipitation per year. 442
Acknowledgments 443
This project and F.H.W. have been funded by the Fapesp (Fundac¸a˜o de Amparo a` 444
Pesquisa do Estado de Sa˜o Paulo, processo 13/14520-6, processo 15/50484-0 and 445
processo 16/17652-9). L.E.O.C.A. thank the support of FAPESP (grant 50533-5) and 446
CNPQ (grant 304425/2013-3). E.E.M. was funded by the Academy of Finland (project: 447
266393). A.S. have been funded by the Fapesp (Fundac¸a˜o de Amparo a` Pesquisa do 448
Estado de Sa˜o Paulo, processo 2016/03397-7). T.H. was supported by a Conselho 449
Nacional de Desenvolvimento Cient´ıfico e Tecnolo´gico (CNPq), grant number PVE 450
401025/2014-4. The work of Dr. Lyapustin was funded by the NASA Program ”Science 451
from Terra and Aqua”. The authors declare no competing financial interests. The 452
funders had no role in study design, data collection and analysis, decision to publish, or 453
preparation of the manuscript. 454
References
1. Zhao M, Running SW. Drought-induced reduction in global terrestrial net
primary production from 2000 through 2009. Science (New York, NY).
2010;329(5994):940–3. doi:10.1126/science.1192666.
2. Nemani, R R ; Keeling, C D ; Hashimoto HEA. Climate-Driven Increases in
Global Terrestrial Net Primary Production From 192 To 1999. Science (New
York, NY). 2003;300(5625):1560–3. doi:10.1126/science.1082750.
3. Myneni RB, Yang W, Nemani RR, Huete AR, Dickinson RE, Knyazikhin Y, et al.
Large seasonal swings in leaf area of Amazon rainforests. PROCEEDINGS OF
PLOS 14/19
THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED STATES OF
AMERICA. 2007;104(12):4820–4823. doi:10.1073/pnas.0611338104.
4. Bi J, Knyazikhin Y, Choi S, Park T, Barichivich J, Ciais P, et al. Sunlight
mediated seasonality in canopy structure and photosynthetic activity of
Amazonian rainforests. Environmental Research Letters. 2015;10(6):064014.
5. Huete AR, Didan K, Shimabukuro YE, Ratana P, Saleska SR, Hutyra LR, et al.
Amazon rainforests green-up with sunlight in dry season. Geophysical Research
Letters. 2006;33(6).
6. Saleska SR, Didan K, Huete AR, da Rocha HR. Amazon forests green-up during
2005 drought. SCIENCE. 2007;318(5850):612. doi:10.1126/science.1146663.
7. Girardin CAJ, Malhi Y, Doughty CE, Metcalfe DB, Meir P, del Aguila-Pasquel J,
et al. Seasonal trends of Amazonian rainforest phenology, net primary
productivity, and carbon allocation. Global Biogeochemical Cycles.
2016;doi:10.1002/2015GB005270.
8. Wu J, Albert LP, Lopes AP, Restrepo-Coupe N, Hayek M, Wiedemann KT, et al.
Leaf development and demography explain photosynthetic seasonality in Amazon
evergreen forests. Science. 2016;351(6276):972–976. doi:10.1126/science.aad5068.
9. Restrepo-Coupe N, da Rocha HR, Hutyra LR, da Araujo AC, Borma LS,
Christoffersen B, et al. What drives the seasonality of photosynthesis across the
Amazon basin? A cross-site analysis of eddy flux tower measurements from the
Brasil flux network. AGRICULTURAL AND FOREST METEOROLOGY.
2013;182(SI):128–144. doi:10.1016/j.agrformet.2013.04.031.
10. Borchert R, Calle Z, Strahler AH, Baertschi A, Magill RE, Broadhead JS, et al.
Insolation and photoperiodic control of tree development near the equator. New
Phytologist. 2015;205(1):7–13. doi:10.1111/nph.12981.
11. Guan K, Pan M, Li H, Wolf A, Wu J, Medvigy D, et al. Photosynthetic
seasonality of global tropical forests constrained by hydroclimate. Nature
Geoscience. 2015;.
12. Cleland EE, Chuine I, Menzel A, Mooney HA, Schwartz MD. Shifting plant
phenology in response to global change. Trends in Ecology and Evolution.
2007;22(7):357–365. doi:10.1016/j.tree.2007.04.003.
13. Feng X, Porporato A, Rodriguez-Iturbe I. Changes in rainfall seasonality in the
tropics. Nature Climate Change. 2013;3(9):811–815. doi:10.1038/nclimate1907.
14. Huete A, Didan K, Miura T, Rodriguez E, Gao X, Ferreira L. Overview of the
radiometric and biophysical performance of the MODIS vegetation indices.
Remote Sensing of Environment. 2002;83(1-2):195–213.
doi:10.1016/S0034-4257(02)00096-2.
15. Samanta A, Ganguly S, Hashimoto H, Devadiga S, Vermote E, Knyazikhin Y,
et al. Amazon forests did not green - up during the 2005 drought.
GEOPHYSICAL RESEARCH LETTERS. 2010;37:1–5.
doi:10.1029/2009GL042154.
16. Galva˜o Soares L, Roberto J, Roberts DA, Marcelo F, Toomey M, Mendes Y, et al.
Remote Sensing of Environment On intra-annual EVI variability in the dry season
of tropical forest : A case study with MODIS and hyperspectral data. Remote
Sensing of Environment. 2011;115(9):2350–2359. doi:10.1016/j.rse.2011.04.035.
PLOS 15/19
17. Morton DC, Nagol J, Carabajal CC, Rosette J, Palace M, Cook BD, et al.
Amazon forests maintain consistent canopy structure and greenness during the
dry season. NATURE. 2014;506(7487):221+. doi:10.1038/nature13006.
18. Saleska SR, Wu J, Guan K, Araujo AC, Huete A, Nobre AD, et al. Dry-season
greening of Amazon forests. Nature. 2016;531(7594):E4–E5.
doi:10.1038/nature16457.
19. Lyapustin AI, Wang Y, Laszlo I, Hilker T, Hall FG, Sellers PJ, et al. Multi-angle
implementation of atmospheric correction for MODIS (MAIAC): 3. Atmospheric
correction. REMOTE SENSING OF ENVIRONMENT. 2012;127:385–393.
doi:10.1016/j.rse.2012.09.002.
20. Tang H, Dubayah R. Light-driven growth in Amazon evergreen forests explained
by seasonal variations of vertical canopy structure. Proceedings of the National
Academy of Sciences. 2017;114(10):2640–2644. doi:10.1073/pnas.1616943114.
21. Maeda EE, Moura YM, Wagner F, Hilker T, Lyapustin AI, Wang Y, et al.
Consistency of vegetation index seasonality across the Amazon rainforest.
International Journal of Applied Earth Observation and Geoinformation.
2016;52:42 – 53. doi:http://doi.org/10.1016/j.jag.2016.05.005.
22. Brando PM, Goetz SJ, Baccini A, Nepstad DC, Beck PSA, Christman MC.
Seasonal and interannual variability of climate and vegetation indices across the
Amazon. PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES
OF THE UNITED STATES OF AMERICA. 2010;107(33):14685–14690.
doi:10.1073/pnas.0908741107.
23. Lopes AP, Nelson BW, Wu J, de Alencastro Gra?a PML, Tavares JV, Prohaska
N, et al. Leaf flush drives dry season green-up of the Central Amazon. Remote
Sensing of Environment. 2016;182:90 – 98.
doi:http://dx.doi.org/10.1016/j.rse.2016.05.009.
24. Wagner F, Rossi V, Stahl C, Bonal D, He´rault B. Asynchronism in leaf and wood
production in tropical forests: a study combining satellite and ground-based
measurements. Biogeosciences. 2013;10(11):7307–7321.
doi:10.5194/bg-10-7307-2013.
25. Wagner FH, He´rault B, Bonal D, Stahl C, Anderson LO, Baker TR, et al.
Climate seasonality limits leaf carbon assimilation and wood productivity in
tropical forests. Biogeosciences. 2016;13(8):2537–2562.
doi:10.5194/bg-13-2537-2016.
26. Chavana-Bryant C, Malhi Y, Wu J, Asner GP, Anastasiou A, Enquist BJ, et al.
Leaf aging of Amazonian canopy trees as revealed by spectral and physiochemical
measurements. New Phytologist. 2016;doi:10.1111/nph.13853.
27. Bonal D, Burban B, Stahl C, Wagner F, H?rault B. The response of tropical
rainforests to drought?lessons from recent research and future prospects. Annals
of Forest Science. 2016;73:27–44. doi:http://doi.org/10.1007/s13595-015-0522-5.
28. Phillips OL, Aragao LEOC, Lewis SL, Fisher JB, Lloyd J, Lopez-Gonzalez G,
et al. Drought Sensitivity of the Amazon Rainforest. SCIENCE.
2009;323(5919):1344–1347. doi:10.1126/science.1164033.
29. Nepstad DC, Tohver IM, Ray D, Moutinho P, Cardinot G. Mortality of large
trees and lianas following experimental drought in an amazon forest. Ecology.
2007;88(9):2259–2269.
PLOS 16/19
30. Mar?chaux I, Bartlett MK, Sack L, Baraloto C, Engel J, Joetzjer E, et al.
Drought tolerance as predicted by leaf water potential at turgor loss point varies
strongly across species within an Amazonian forest. Functional Ecology.
2015;29(10):1268–1277. doi:10.1111/1365-2435.12452.
31. Reich PB, Borchert R. Water stress and tree phenology in a tropical dry forest in
the lowloands of Costa Rica. Journal of Ecology. 1984;72 (1):61–74.
32. Huete AR, Restrepo-Coupe N, Ratana P, Didan K, Saleska SR, Ichii K, et al.
Multiple site tower flux and remote sensing comparisons of tropical forest
dynamics in Monsoon Asia. Agricultural and Forest Meteorology. 2008;148(5):748
– 760. doi:http://dx.doi.org/10.1016/j.agrformet.2008.01.012.
33. Justice C, Vermote E, Townshend J, Defries R, Roy D, Hall D, et al. The
Moderate Resolution Imaging Spectroradiometer (MODIS): Land remote sensing
for global change research. IEEE Transactions on Geoscience and Remote
Sensing. 1998;36 (4):1228–1249. doi:10.1109/36.701075.
34. Hilker T, Lyapustin AI, Tucker CJ, Hall FG, Myneni RB, Wang Y, et al.
Vegetation dynamics and rainfall sensitivity of the Amazon. PROCEEDINGS OF
THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED STATES OF
AMERICA. 2014;111(45):16041–16046. doi:10.1073/pnas.1404870111.
35. Mitchell T, Jones P. An improved method of constructing a database of monthly
climate observations and associated high-resolution grids. International Journal
of Climatology. 2005;25(6):693–712. doi:10.1002/joc.1181.
36. Loeb N, Wielicki B, Doelling D, Smith G, Keyes D, Kato S, et al. Toward
Optimal Closure of the Earth’s Top-of-Atmosphere Radiation Budget. Journal of
Climate. 2009;22 (3):748–766. doi:10.1175/2008JCLI2637.1.
37. Hansen MC, Potapov PV, Moore R, Hancher M, Turubanova SA, Tyukavina A,
et al. High-Resolution Global Maps of 21st-Century Forest Cover Change.
SCIENCE. 2013;342(6160):850–853. doi:10.1126/science.1244693.
38. Brazilian Institute of Geography and Statistics (IBGE) . Mapa de Vegeta??o do
Brasil. Bel?m, Brazil.: IBGE; 2004.
39. Jarvis A, Reuter HI, Nelson A, Guevara E. Hole-filled seamless SRTM data V4
(http://srtm.csi.cgiar.org). International Centre for Tropical Agriculture (CIAT);
2008.
40. Chave J, Navarrete D, Almeida S, A´lvarez E, Araga˜o LEOC, Bonal D, et al.
Regional and seasonal patterns of litterfall in tropical South America.
Biogeosciences. 2010;7(1):43–55. doi:10.5194/bg-7-43-2010.
41. Castilho C, Boanerges DS, Silva WR, Toledo JJ. Dendrometer and litterfall data
of PPBio permanent plots from the Parque Nacional do Virua´ (Caracara´ı, RR).
Instituto Nacional de Pesquisas da Amaz?nia (INPA); 2012.
42. Grogan J, Schulze M. The Impact of Annual and Seasonal Rainfall Patterns on
Growth and Phenology of Emergent Tree Species in Southeastern Amazonia,
Brazil. Biotropica. 2012;44(3):331–340. doi:10.1111/j.1744-7429.2011.00825.x.
43. Free CM, Landis RM, Grogan J, Schulze MD, Lentini M, Du¨nisch O.
Management implications of long-term tree growth and mortality rates: A
modeling study of big-leaf mahogany (Swietenia macrophylla) in the Brazilian
PLOS 17/19
Amazon. Forest Ecology and Management. 2014;330(0):46 – 54.
doi:http://dx.doi.org/10.1016/j.foreco.2014.05.057.
44. Figueira AMS, Miller SD, de Sousa CAD, Menton MC, Maia AR, da Rocha HR,
et al. LBA-ECO CD-04 Dendrometry, km 83 Tower Site, Tapajos National
Forest, Brazil. Data set. Available on-line [http://daac.ornl.gov] from Oak Ridge
National Laboratory Distributed Active Archive Center, Oak Ridge, Tennessee,
U.S.A. doi:10.3334/ORNLDAAC/989. Large Biosphere Experiment; 2011.
45. Nepstad DC, Moutinho PR. LBA-ECO LC-14 Biophysical Measurements,
Rainfall Exclusion, Tapajos National Forest. Data set. Available on-line
[http://daac.ornl.gov] from Oak Ridge National Laboratory Distributed Active
Archive Center, Oak Ridge, Tennessee, USA.
http://dx.doi.org/10.3334/ORNLDAAC/1196. Large Biosphere Experiment.
2013;.
46. Stahl C, Burban B, Bompy F, Jolin Z, Sermage J, Bonal D. Seasonal variation in
atmospheric relative humidity contributes to explaining seasonal variation in
trunk circumference of tropical rain-forest trees in French Guiana. Journal of
Tropical Ecology. 2010;26(Part 4):393–405. doi:10.1017/S0266467410000155.
47. Bonal D, Bosc A, Ponton S, Goret JY, Burban B, Gross P, et al. Impact of
severe dry season on net ecosystem exchange in the Neotropical rainforest of
French Guiana. Global Change Biology. 2008;14(8):1917–1933.
48. Rowland L, Malhi Y, Silva-Espejo JE, Farfan-Amezquita F, Halladay K, Doughty
CE, et al. The sensitivity of wood production to seasonal and interannual
variations in climate in a lowland Amazonian rainforest. OECOLOGIA.
2014;174(1):295–306. doi:10.1007/s00442-013-2766-9.
49. Schwarz G. Estimating the dimension of a model. Annals of Statistics. 1978;6
(2):461–464.
50. R Core Team. R: A Language and Environment for Statistical Computing; 2015.
51. Jones MO, Kimball JS, Nemani RR. Asynchronous Amazon forest canopy
phenology indicates adaptation to both water and light availability.
ENVIRONMENTAL RESEARCH LETTERS. 2014;9(12):124021 (10pp).
doi:10.1088/1748-9326/9/12/124021.
52. Wright JS, van Schaik CP. Light and the Phenology of Tropical Trees. The
American Naturalist. 1994;143 (1):192–199.
53. Morel H, Mangenet T, Beauch?ne J, Ruelle J, Nicolini E, Heuret P, et al.
Seasonal variations in phenological traits: leaf shedding and cambial activity in
Parkia nitida Miq. and Parkia velutina Benoist (Fabaceae) in tropical rainforest.
Trees. 2015;29(4):973–984. doi:10.1007/s00468-015-1177-4.
54. Saleska SR, Miller SD, Matross DM, Goulden ML, Wofsy SC, da Rocha HR, et al.
Carbon in Amazon forests: Unexpected seasonal fluxes and disturbance-induced
losses. Science. 2003;302(5650):1554–1557.
55. Rivera G, Elliott S, Caldas LS, Nicolossi G, Coradin VT, Borchert R. Increasing
day-length induces spring flushing of tropical dry forest trees in the absence of
rain. Trees - Structure and Function. 2002;16(7):445–456.
doi:10.1007/s00468-002-0185-3.
PLOS 18/19
56. Elliott S, Baker PJ, Borchert R. Leaf flushing during the dry season: The
paradox of Asian monsoon forests. Global Ecology and Biogeography.
2006;15(3):248–257. doi:10.1111/j.1466-822X.2006.00213.x.
57. Klebs G. U¨ber das Treiben der einheimischen Ba¨ume, speziell der Buche.
Abhandl Heidelberger Akad Wiss (Math Nat Kl). 1914;3:1–112.
58. Borchert R. Soil and Stem Water Storage Determine Phenology and Distribution
of Tropical Dry Forest Trees. Ecology. 1994;75(5):1437–1449.
59. Zhang H, Yuan W, Dong W, Liu S. Seasonal patterns of litterfall in forest
ecosystem worldwide. ECOLOGICAL COMPLEXITY. 2014;20(SI):240–247.
doi:10.1016/j.ecocom.2014.01.003.
60. Wright SJ, Cornejo FH. Seasonal Drought and Leaf Fall in a Tropical Forest.
Ecology. 1990;71:1165–1175.
61. Caldararu S, Purves DW, Palmer PI. Phenology as a strategy for carbon
optimality: A global model. Biogeosciences. 2014;11(3):763–778.
doi:10.5194/bg-11-763-2014.
62. Koerner C, Basler D. Phenology Under Global Warming. Science.
2010;327(5972):1461–1462. doi:10.1126/science.1186473.
63. Seddon AWR, Macias-Fauria M, Long PR, Benz D, Willis KJ. Sensitivity of
global terrestrial ecosystems to climate variability. Nature. 2016; p. 1–15.
doi:10.1038/nature16986.
64. Kendall MG. Time-series, 2nd ed. Charles Griffin & Co, London; 1976.
65. Grosjean P, Ibanez F. pastecs: Package for Analysis of Space-Time Ecological
Series; 2014. Available from: https://CRAN.R-project.org/package=pastecs.
66. Griscom BW, P Mark S Ashton. Bamboo control of forest succession: Guadua
sarcocarpa in Southeastern Peru. Forest Ecology and Management.
2003;175(1-3):445–454. doi:10.1016/S0378-1127(02)00214-1.
PLOS 19/19
